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osting by EAbstract Recent ﬁndings of acrylamide (AA) in many common foods have sparked renewed inter-
est in assessing human health hazards. AA was evaluated by the International Agency for Research
on Cancer as probably carcinogenic to humans. For this reason, the aim of this study is to evaluate
the potential genotoxic effect of AA using chromosomal aberration analysis and micronucleus
(MN) test in mouse bone-marrow cells and morphological sperm abnormalities. The result of the
present work indicated that treatment with a single dose of 10, 20, or 30 mg/kg b.wt. of AA for
24 h and the repeated dose of 10 mg/kg b.wt. for 1and 2 weeks induced a statistically signiﬁcant
increase in the percentage of chromosomal aberrations and micronuclei in bone- marrow cells.
These percentages reduced signiﬁcantly in all groups treated with AA and the protective agent L-
carnitine. Also the results indicated that the dose 10, 20 and 30 mg/kg b.wt. of AA induced a sta-
tistically signiﬁcant percentage of morphological sperm abnormalities compared with the control
group. Such effect reached its maximum (7.24 ± 0.61) with the highest tested dose which reduced
to (4.02 ± 0.58) in the group treated with the same dose of AA and L-carnitine. In conclusion, the
results conﬁrm the protective role of LC against the mutagenicity of AA.
ª 2010 King Saud University. All rights reserved.1. Introduction
Acrylamide (AA) is a high-production vinyl compound whose
polymeric form is used in the construction and oil industry, in698421817.
ity. All rights reserved. Peer-
d University.
lsevierthe manufacture of paper, plastics and textiles, as a ﬂocculant
in the treatment of waste water, and in cosmetics (Friedman,
2003). A worldwide public concern has been caused by the
ﬁnding that the same compound is generated in many common
foods during cooking at high temperatures (Svensson et al.,
2003). For example, AA reaches parts per million concentra-
tions in French fries, potato and tortilla chips, bread crust,
various baked foods, breakfast cereals and coffee. Further
studies showed that AA is formed during the Maillard brown-
ing reaction from a heat-induced reaction between the amino
acid asparagine and the carbonyl group of glucose (Stadler
et al., 2002).
With respect to the AA genotoxicity data, AA has been
shown to be clastogenic and mutagenic in rodents in vivo
30 H.A.S. Alzahrani(Dearﬁeld et al., 1995). AA could induce DNA damage in the
PC Cl3 and FRTL5 rat thyroid cell lines, as well as in human
lymphoblastoid TK6 cells in the Comet assay (Koyama et al.,
2006). Additionally, the results presented recently by Park
et al. (2002) suggested that AA itself appears to be involved
in AA-induced cellular transformation and that cellular thiol
status is involved in AA morphological transformation. AA
decreased glutathione (GSH) levels in Syrian hamster embryo
(SHE) cells (Park et al., 2002). It has also been found to be
conjugated with GSH (Tong et al., 2004). It is possible that
AA itself can be cytotoxic and genotoxic by decreasing the oxi-
dative defense system in the cells (Zamorano-Ponce et al.,
2006), as well as, releasing the reactive oxygen species (ROS)
(Liping et al., 2007). However, AA itself reacts quite slowly
with DNA (Solomon et al., 1985). Within the cells AA can
be oxidized to the more reactive glycidamide (GA) by cyto-
chrome P450-depended monooxygenase (CYP2E1) (Sumner
et al., 1999). GA has been reported to be 100–1000 times more
reactive with DNA than AA (Segerback et al., 1995). GA is
known to be clastogenic and mutagenic in vitro and in vivo
(Paulsson et al., 2003; da Costa et al., 2003).
Much attention of preventive medicine research is focused
on natural antioxidants. This interest refers not only to isola-
tion and identiﬁcation of new biologically active molecules
by the pharmaceutical industry, but also because of the emer-
gent public interest in using crude plant extracts (Dragland
et al., 2003).
L-carnitine (LC) is a vitamin-like substance that is structur-
ally similar to amino acids. Most carnitine is obtained from diet
such asmushroom, carrot, bread, rice and tomato. It can also be
synthesized endogenously by skeletalmuscle, heart, liver, kidney
and brain from the essential amino acids lysine and methionine
(Rebouche and Seim, 1998). It is known that LC and its deriva-
tives prevent the formation of reactive oxygen species (ROS) and
protect cells from per oxidative stress (Dokmeci et al., 2006).It is
generally accepted that exogenous carnitine, either at normal
dietary intake levels or in pharmacological amounts can be ben-
eﬁcial in a number of physiopathological conditions. The depen-
dence on carnitine uptake is evident frompatients suffering from
primary systemic carnitine deﬁciency (CDSP), an autosomal
recessive disorder of fatty acid oxidation, caused by mutations
in theOCTN2 gene encoding, an organic cation/carnitine trans-
porter (Wang et al., 1999). It has been reported that carnitine
protects the myocardium against ischemia (Reznick et al.,
1992), myocardial infarction (Singh et al., 1996) and skeletal
muscle myopathy in heart failure (Vescovo et al., 2002). Recent
reports have also suggested that carnitine has additional pleio-
tropic functions in tissues that are not considered lipogenic, such
as brain (Llansola and Felipo, 2002). Some studies indicate a
carnitine-dependent reduction of either DNA single-strand
breaks in isolated human lymphocytes after in vitro treatment
with an oxygen radical-generating system (Boerrigter et al.,
1993) or DNA cleavage induced by H2O2 UV-photolysis
(Vanella et al., 2000). Also, LC has DNA-repair capability and
decreased induction of aberrations in Ataxia telangiectasia (A-
T) patients (Berni et al., 2008).
Due to common industrial application of AA and its pres-
ence in food to ﬁnd an agent to decrease the cytotoxicity and
genotoxicity of AA is a good choice. The present study is
therefore aimed to investigating the possibility that LC may in-
hibit AA cytotoxicity and genotoxicity in somatic and germ
cells of the mice.2. Materials and methods
2.1. Animals
Male white Swiss mice aged 9–12 weeks were used in all
experiments. The animals were obtained from a closed ran-
dom-bred colony at the College of Pharmacy, University of
King Saud in Rhiyad. The mice used for any one experiment
were selected from mice of similar age (±1 week) and weight
(±2 g). Animals were housed in polycarbonate boxes with
steel-wire tops (not more than ﬁve animals per cage) and bed-
ded with wood shavings. Ambient temperature was con-
trolled at 22 ± 3 C with a relative humidity of 50 ± 15%
and a 12-h light/dark photoperiod. Food and water were pro-
vided ad libitum. Animals were sacriﬁced after treatment by
cervical dislocation.
2.2. Chemicals
L-carnitine is produced by Sigma-Tau Pharmaceuticals, Pome-
zia, Roma, Italy. Acrylamide was purchased from Sigma (St.
Louis, MO). All other chemicals used were of the highest ana-
lytical grade.
2.3. Treatment and cytological preparations
2.3.1. Micronucleus and chromosome aberrations
For the analysis of micronuclei and chromosome aberrations
in bone marrow cells, mice were orally treated (using a stom-
ach tube) with a single dose of AA at doses of 10, 20 and
30 mg/kg b.wt. Samples were taken 24 h after treatment. For
the repeated dose experiment, mice received daily oral doses
of 10 mg/kg b.wt. AA for 1 and 2 weeks (7 and 14 days). In
the repeated dose treatments, other groups of mice were given
100 and 200 mg LC, simultaneously with the AA. A negative –
non-treated – control group of mice was examined. In addi-
tion, other groups of mice were given the oral doses of LC
(100 and 200 mg/kg b.wt.) for 1 and 2 weeks.
2.4. Slide preparation and scoring
2.4.1. Micronucleus test
The micronucleus assay from mouse bone-marrow cells was
performed following the standard procedure described by Sch-
mid (1973). 5000 polychromatic erythrocytes (PCE) were
counted, ﬁve mice per treatment (1000 PCE per mouse) for
scoring MN. The signiﬁcance of the experimental data from
control data was calculated using differences between 2 pro-
portions (Daniel, 1974), in the case of PCE and the tables of
Kastenbaum and Bowman (1970) for micronuclei in polychro-
matic erythrocytes (MPCE).
2.4.2. Chromosome aberrations
Mice were injected i.p. with colchicine 2–3 h before sacriﬁce.
Bone marrow preparations were made according to the tech-
nique described by Yosida and Amano (1965). A group of ﬁve
mice was used for each treatment and 100 well-spread meta-
phases were analyzed per animal scoring for different kinds
of abnormalities including gaps, breaks, fragments, deletions,
Robertsonian translocations and polyploid metaphases.
Figure 1 Microphotograph shows polychromatic erythrocyte
with Micronuclei(black arrow) from mouse bone marrow cells
treated with acrylamide.
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Groups of ﬁve mice were orally treated with AA daily for ﬁve
consecutive days at dose levels of 10, 20 and 30 mg/kg b.wt.
Other groups of mice were given LC at 100 and 200 mg/
kg b.wt. together with the highest dose of AA. Animals were
sacriﬁced 35 days after the ﬁrst treatment by cervical disloca-
tion. Sperms from non-treated mice and from mice given only
LC at 100 and 200 mg/kg b.wt., daily for 5 days, were also
examined (control groups). Sperms were prepared according
to the recommended method of Wyrobek and Bruce (1978).
The epididymides were excised and minced in 2 ml physiolog-
ical saline, dispersed and ﬁltered to remove large tissue
fragments. Smears were prepared and stained with 1% Eosin
Y. A total of 1000 sperm were counted per animal, scoring dif-
ferent types of sperm abnormalities.
For chromosome aberrations and sperm shape abnormali-
ties data, the signiﬁcance of the difference between groups
and negative control was calculated using the t-test.
3. Results
3.1. Micronucleus test
From the results presented in Table 1 we found that the
percentage of micronucleated-polychromatic erythrocytes
(MPCE) increased signiﬁcantly by increasing the dose and time
of treatment of AA. The occurrence of MPCE was statistically
signiﬁcant after all the treatment compared to control group(-
except with single low dose). The protective effect of LC at 100
and 200 mg/kg b.wt. treated simultaneously with 10 mg AA/
kg b.wt. for 1 and 2 weeks reduced MPCE compared with
AA alone in dose-dependent manner (Table 1 and Fig. 1).Table 1 Frequency of polychromatic erythrocytes (PCE) with
micronuclei in mouse bone marrow cells after oral treatment








Control –– 26 0.52 ± 0.39
Single AA 10 38 0.76 ± 0.46
20 58 1.16 ± 0.51*
30 71 1.42 ± 0.50**
Repeated 1 week LC 100 29 0.58 ± 0.62
200 27 0.54 ± 0.81
AA 10 156 3.12 ± 0.71**
AA+ LC 10 + 100 65 1.30 ± 0.63**
10 + 200 55 1.10 ± 0.40*
2 weeks LC 100 31 0.62 ± 0.50
200 33 0.66 ± 0.71
AA 10 217 4.34 ± 0.60**
AA+ LC 10 + 100 101 2.02 ± 0.54**
10 + 200 80 1.60 ± 0.42**
5000 PCE were counted, ﬁve mice per treatment (1000 PCE per
mouse).
* Signiﬁcant p< 0.05 level.
** Highly signiﬁcant p< 0.01 level.3.2. Chromosome aberrations
Table 2 and Fig. 2 present chromosome aberrations induced in
bone-marrow cells after single and repeated oral treatments,
with different doses of AA. The results show that the tested
doses of AA induced a statistically signiﬁcant increase in the
percentage of chromosome aberrations even after excluding
the gaps. Such percentage was found to be dose and time
dependent. The results in Table 2 also demonstrate that the
percentage of chromosome aberrations in bone marrow cells
was signiﬁcantly reduced in all groups of mice treated simulta-
neously with LC at 100 and 200 mg/kg b.wt. and with AA at
the tested dose levels.
3.3. Sperm-shape abnormalities
The effects of different doses of AA (10, 20 and 30 mg/
kg b.wt.) on the induction of sperm abnormalities in male mice
are summarized in Table 3. The results show that the three
tested doses of AA induced an increase in the percentage of
sperm abnormalities, with a positive dose response. This per-
centage reached a maximum of 7.24 ± 0.61 (P< 0.01) after
treatment with the highest test dose of AA compared with
1.52 ± 0.44 for the non-treated control. The results in Table 3
also show that LC signiﬁcantly reduced the AA-induced sperm
abnormalities. Various morphological sperm abnormalities in
heads and tails were observed (Fig. 3). Some heads may ac-
quire unusual shape; others show a reduced or increased size.
Coiled tail abnormalities were also recorded.
4. Discussion
The present study clearly conﬁrms the in vivo genotoxicity of
AA, which induced DNA damage in mouse bone marrow cells.
In fact, a single dose of AA at 10, 20 and 30 mg/kg b.wt. and
repeated dose with 10 mg/kg b.wt. for 1 and 2 weeks increases
the percentage of MN and chromosome aberrations value in
dose and time response. The observations conﬁrm the geno-
toxic capacity of AA as previously demonstrated by other
authors using other biomarkers as genetic damage criteria
(Knaap et al., 1988; Chiak and Vontorkva, 1988). Addition-
ally, the results are also in agreement with those obtained in
Table 2 Types of different chromosome aberrations induced in mouse bone – marrow cells after oral treatment with different doses of
acrylamide (AA) and AA with L-carnitine (LC).
Treatment Doses
(mg/kg b.wt.)








Control –– 14 2.80 ± 0.60 1.60 ± 0.56 6 5 3 – –
Single AA 10 23 4.60 ± 0.64 2.80 ± 0.65 9 10 4 – –
20 32 6.40 ± 0.70** 3.40 ± 0.38* 15 13 4 – –
30 40 8.00 ± 0.50** 4.40 ± 0.52** 18 14 6 – 2
Repeated 1 week LC 100 15 3.00 ± 0.53 1.80 ± 0.57 6 6 3 – –
200 14 2.80 ± 0.68 1.20 ± 0.58 8 4 2 – –
AA 10 55 11.00 ± 0.60** 7.40 ± 0.50** 18 27 6 – 4
AA+ LC 10 + 100 42 8.40 ± 0.55** 5.20 ± 0.55** 16 21 5 – –
10 + 200 34 6.80 ± 0.58** 4.00 ± 0.50** 11 16 3 – 1
2 weeks LC 100 12 2.40 ± 0.52 1.20 ± 0.68 6 3 3 – –
200 14 2.80 ± 0.56 1.00 ± 0.50 9 3 2 – –
AA 10 69 13.80 ± 0.78** 10.00 ± 0.66** 19 33 8 2 7
AA+ LC 10 + 100 48 9.60 ± 0.52** 6.60 ± 0.60** 15 23 6 1 3
10 + 200 38 7.60 ± 0.58** 5.00 ± 0.50** 13 20 5 – –
500 metaphases examined in ﬁve mice per treatment. R.T. = Robertsonian translocation.
* Signiﬁcant p< 0.05 level.
** Highly signiﬁcant p< 0.01 level.
32 H.A.S. Alzahranithe Abramsson-Zetterberg’s study (2003) consisting of two
experiments with CBA mice, injected i.p. with different AA
doses. In one experiment, the effects of 22 doses ranging from
0 to 100 mg/kg b.wt. were studied. In the second experiment,
seven doses ranging from 0 to 30 mg/kg b.wt. were used. In
both experiments, a clear increase of the micronucleated-poly-
chromatic erythrocyte frequency was observed in dose-depen-
dent manner. Consumption of fried carbohydrate-rich food
containing AA causes an increased level of micronucleated
young erythrocytes in humans (Abramsson-Zetterberg et al.,
2008). Moreover, Adler et al. (1988) reported that i.p. treat-
ment with AA at doses 50–150 mg/kg b.wt. induced elevation
in micronuclei and chromosome aberrations in mice bone-mar-
row cells in dose-dependent manner. Also, many authors con-
ﬁrmed the ability of AA to induce chromosome aberrations
in vitro in Chinese hamster V79 cells (Oliveira et al., 2009)
and in vivo in mice bone marrow (Adler et al., 1988), lympho-
cyte (Backer et al., 1989) and splenocyte cells (Kligerman et al.,
1991).
The induction of sperm abnormalities by any agent is of
great signiﬁcance. It has the potential of allowing identiﬁcation
of chemicals that induce spermatogenic dysfunction and per-
haps heritable mutation (Wyrobek et al., 1983). In relation
to mutagenicity, sperm shape is reported to be genetically con-
trolled by numerous genes (Ito et al., 2004). The results showed
that AA induced signiﬁcant sperm abnormalities after treat-
ment of mice with different doses. Both head and tail abnor-
malities were recorded. The head abnormalities most
probably reﬂect a change in DNA content Wyrobek and Bruce
(1978). Coiling of sperm tail mainly involves its orientation,
which gives the impression of a reduced sperm movement.
Such limitation in sperm movement was reported to reduce fer-
tility in both animals and humans. For example, aberrations of
sperm tail – including coiled tails – were found in all cellsexamined from the semen of an infertile goat (Molnar et al.,
2001). Jouannet et al. (1988) found a strong relationship be-
tween human infertility and the number of abnormalities per
abnormal sperm, including head abnormalities and coiled tail.
Coiled tails were also recorded in about half of the spermato-
zoa tested from an infertile man (Baccetti et al., 1977).
The results are in the same line with the observations of
other authors recording the positive effect of AA and its
metabolite on the rodent germ cells. AA was reported to pro-
duce chromosome aberrations in mouse spermatogonia
(Shiraishi, 1978) and dominant-lethal mutations in spermato-
zoa and late spermatids of mice (Shelby et al., 1986). Adler
et al. (1994) observed a frequency of translocation carriers of
10/367 in offspring of males exposed i.p. to 100 mg AA/
kg b.wt. which resulted from conceptions 7–16 days post-treat-
ment (spermatid stage exposure). Generoso et al. (1996) re-
ported that exposed male mice to GA, an active metabolite
of AA, induced dominant-lethal mutations, heritable translo-
cations and unscheduled DNA synthesis in germ cells. Also,
the same authors found that a frequency of 135/669 transloca-
tion carriers in offspring from males exposed to 100 mg GA/
kg b.wt. and the F1 animals assayed were derived from con-
ceptions occurring 3.5–7.5 days post-treatment (spermatozoa
stage exposure), and the observed translocation frequency
was signiﬁcantly higher than in the AA treatment group
(P< 0.0001, Fisher’s exact test, two-tailed).
Wang et al. (2010) indicated that the epididymal sperm re-
serves decreased signiﬁcantly (P< 0.05), suggesting partial
depletion of germ cells. In addition, histopathological lesions
were also present in the testes of treated rats with acrylamide
at the doses 5 and 10 mg/kg/d for 8 consecutive weeks.
Epidemiologic evaluations of cancer risk in workers who
were exposed occupationally to AA were also undertaken.
Two cohorts of industrial workers who were exposed in the
Figure 2 Metaphases from mouse bone marrow cells treated with acrylamide showing: (A) normal, (B) break, (C) fragment, (D) gap,
(E) deletion and gap, (F) polyploidy.
Table 3 Types of different Sperm abnormalities induced in male mice after oral treatment with different doses of acrylamide (AA) and
AA with L-carnitine (LC).
Treatment Doses (mg/kg b.wt.) Abnormal sperm No. of sperm head abnormalities Coiled tail
No Mean %± SE Amorphous Without hook Triangle Banana Small Big
Control –– 76 1.52 ± 0.44 26 12 25 5 – – 8
LC 100 71 1.42 ± 0.50 22 10 26 6 – – 7
200 78 1.56 ± 0.45 30 11 28 5 – – 4
AA 10 196 3.92 ± 0.51** 43 25 71 8 3 3 43
20 266 5.32 ± 0.54** 57 37 99 17 7 5 44
30 362 7.24 ± 0.61** 100 62 102 20 8 4 66
AA+ LC 30+100 260 5.20 ± 0.51** 65 49 60 22 12 5 47
30+200 201 4.02 ± 0.58** 50 41 53 19 10 2 26
5000 sperm were counted, ﬁve mice per treatment (1000 sperm per mouse).
** Highly signiﬁcant p< 0.01 level.
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Figure 3 Sperm abnormalities induced in male mice orally
treated with acrylamide showing: (A) normal, (B) amorphous,
(C) triangular, (D) without hook, (E) banana (F) big head, (G)
small head and (H) coiled tail.
34 H.A.S. Alzahranimonomer production and polymerization industries were
established and cancer incidence in those workers was evalu-
ated (Collins et al., 1989). Several epidemiological studies pub-
lished during the period 2003–2007 show no positive
association between dietary intake of AA or selected AA-con-
taining foods and the increased risks for cancer (Schulz et al.,
2001; Mucci et al., 2003a). However, a recently published
study did ﬁnd a positive association between dietary AA intake
and an increased risk for certain types of cancer (uterus and
ovary) in post-menopausal women (Mucci et al., 2003b;
Hogervorst et al., 2007). AA therefore poses a potentially sig-
niﬁcant risk to human health.
There is a general agreement that the people’s diet, charac-
terized by an abundance of fruits and vegetables, contributes
to the prevention of various chronic degenerative diseases such
as cardiovascular diseases and cancer (Trichopoulou and
Lagiou, 1997). LC is a small essential endogenous compound
present in all mammalian species. Most carnitine is obtained
from diet such as mushroom, carrot, bread, rice and tomato
(Rebouche and Seim, 1998).
This study observed that the administration of LC with AA
reduced DNA damage in mouse somatic and germ cells. The
modulation of DNA repair by LC, as an alternative mecha-
nism to counteract AA-mediated clastogenicity, is supported
by many studies suggested that LC could help the cells torepair single-strand breaks (SSBs) induced in DNA (Boerrigter
et al., 1993) and to protect it from oxygen-free radicals (Vanel-
la et al., 2000). Other studies indicated LC-dependent reduc-
tion of DNA single-strand breaks after in vitro treatment
with an oxygen radical-generating system (H2O2), in isolated
human lymphocytes (Garcia et al., 2006). Santoro et al.
(2005) reported that LC has the ability to inhibit chromosomal
damage induced by H2O2 as an oxidative stress in CHO cells.
Pre-treatment of mice with LC 1 h before exposure to mag-
netic ﬁeld caused a signiﬁcant recovery of mice testes damage
induced by high magnetic ﬁeld (Ramadan et al., 2002). Berni
et al. (2008) demonstrated that the LC pre-treatment on oxida-
tive DNA damage (tert-butyl-hydroperoxide) produced an
enhancement of the rate and the extent of DNA repair in Atax-
ia telangiectasia (A-T) patient’s cell lines at an early recovery
time. Furthermore, a reduction of all types of chromosomal
aberrations was observed, both in A-T and in wild-type cell
lines.
By taking into account these overall observations and the
ﬁnding that carnitine attenuates and inhibits some side effects
of doxorubicin and cisplatin, two well-known chemotherapeu-
tic drugs inducing free-radical formation and oxidative dam-
age to mitochondria (Galli and Fratelli, 1993; Luo et al.,
1999 and Chang et al., 2002),we hypothesized that LC might
modulate DNA damage and cell proliferation.
It is difﬁcult to provide a complete explanation why treat-
ment with LC exerts its preventive action against DNA dam-
age induced by AA. The chemoprotective effect of LC may
be due to its ability to act as a free radical scavenger (Garcia
et al., 2006). So it captures reactive oxygen species (ROS) re-
leased from AA (Liping et al., 2007) and prevents it to induce
DNA damage. Also, LC has the ability to induce regulation in
GSH content (Ibrahim et al., 2007). Both AA and GA
induced a concentration- and time-dependent GSH depletion
(Krebayashi and Ohno, 2006). GSH plays an important role
in protecting against injuries by oxidants and reactive electro-
philes in several tissues and cell lines (Shan et al., 1990).
It is worth to mention that, with regard to the mechanism
by which AA induces genetic damage, it has been recently re-
ported that pre-treatment of AA with antioxidant compounds
such as N-tert-butyl-alpha-phenylnitrone (PBN), a spin trap,
as well as vitamins C and D (Blasiak et al., 2004); Aloysia tri-
phylla a perennial, bushy plant (Zamorano-Ponce et al., 2006)
and hydroxytyrosol (Zhang et al., 2009) decreased the DNA-
damaging effect of AA.
In view of the results obtained in the present study, edible
riches with LC may therefore merit further consideration as
an edible with the potential for a beneﬁcial application in the
chemoprevention of AA genotoxicity and, possibly, human
carcinogenesis. Also, future studies need to check the possibil-
ities whether LC can contribute to block the AA’s epoxidation
process (i.e., by inhibiting P450 enzyme).Reference
Abramsson-Zetterberg, L., 2003. The dose-response relationship at
very low doses of acrylamide is linear in the ﬂow cytometer-based
mouse micronucleus assay. Mutat. Res. 535–2, 215–222.
Abramsson-Zetterberg, L., Vikstr, A.C., Tornqvist, M., Hellenas,
K.E., 2008. Differences in the frequency of micronucleated
erythrocytes in humans in relation to consumption of fried
carbohydrate-rich food. Mut. Res. 653, 50–56.
Protective effect of L-carnitine against acrylamide-induced DNA damage in somatic and germ cells of mice 35Adler, D., Reitmeir, P., Schmoller, R., Schriever-Schwemmer, G.,
1994. Dose response for heritable translocations induced by
acrylamide in spermatids of mice. Mutat. Res. 309, 285–291.
Adler, I., Ingwersen, I., Kliesch, U., 1988. Clastogenic effect of
acrylamide in mouse bone marrow cells. Mutat. Res. 206, 379–385.
Baccetti, B., Renieri, T., Rosati, F., Selmi, M.G., Casanova, S., 1977.
Further observations on the morphogenesis of the round headed
human spermatozoa. Andrologia 9, 255–264.
Backer, L., Dearrﬁeld, K., Erexson, G., et al., 1989. The effects of
acrylamide on mouse germ line and somatic cell chromosome.
Envirnmental and Molecular Mutagenesis 13, 218–226.
Berni, A., Meschini, R., Filippi, S., Palitti, F., Arnicisb, A., Chessab,
L., 2008. L-carnitme enhances resistance to oxidative stress by
reducing DNA damage in Ataxia telangiectasia cells. Mut. Res.
650, 165–174.
Blasiak, J., Gloc, E., Wozniak, K., Czechowska, A., 2004. Genotox-
icity of acrylamide in human lymphocytes. Chem. Biol. Interact.
149, 137–149.
Boerrigter, M.E., Franceschi, C., Arrigoni-Martelli, E., Wei, J.Y.,
Vijg, J., 1993. The effect of L-carnitine and acetyl-L-carnitine on the
disappearance of DNA single-strand breaks in human peripheral
blood lymphocytes. Carcinogenesis 14, 2131–2136.
Chang, B.J., Nishikawa, M., Sato, E., Utsumi, K., Inoue, M., 2002. L-
carnitine inhibits ciplastin-induced injury of the kidney and small
intestine. Arch. Biochem. Biophys. 405, 55–64.
Chiak, R., Vontorkva, M., 1988. Cytogenetic effects of acrylamide in
the bone marrow of mice. Mutat. Res. 234, 91–94.
Collins, J.J., Swaen, G.M.H., Marsh, G.M., Utidjian, H.M.D.,
Caporossi, J.C., Lucas, J.J., 1989. Mortality patterns among
workers exposed to acrylamide. J. Occup. Med. 31, 614–617.
da Costa, G.G., Churchwell, M.I., Hamilton, L.P., Von Tungeln, L.S.,
Beland, F.A., Marques, M.M., Doerge, D.R., 2003. DNA adduct
formation from acrylamide via conversion to glycidamide in adult
and neonatal mice. Chem. Res. Toxicol. 16, 1328–1337.
Daniel, W.W., 1974. Biostatistics, a foundation for analysis in the
health sciences. In: John (Ed.). Wilely Sono, London, p. 448.
Dearﬁeld, K.L., Douglas, G.R., Ehling, U.H., Moore, M.M., Sega,
G.A., Brusick, D.J., 1995. Acrylamide: a review of its genotoxicity
and an assessment of heritable genetic risk. Mut. Res. 330, 71–99.
Dokmeci, D., Akpolat, M., Aydogu, N., Uzal, C., Doganay, L.,
Turan, F.N., 2006. The protective effect of L-carnitine on ionizing
radiation induced free oxygen radicals. Scand. J. Lab. Anim. Sci. 33
(2), 75–83.
Dragland, S., Senoo, H., Wake, K., Holte, K., Blomhoff, R., 2003.
Several culinary and medicinal herbs are important sources of
dietary antioxidants. J. Nutr. 133, 1286–1290.
Friedman, M., 2003. Chemistry, biochemistry, and safety of acrylam-
ide. A review. J. Agric. Food Chem. 51, 4504–4526.
Galli, G., Fratelli, M., 1993. Activation of apoptosis by serum
deprivation in a teratocarcinoma cell line: inhibition by lacetyl
carnitine. Exp. Cell Res. 204, 54–60.
Garcia, C.L., Filippi, S., Mosesso, P., Calvani, M., Nicolai, R.,
Mosconi, L., Palitti, F., 2006. The protective effect of L-carnitine in
peripheral blood human lymphocytes exposed to oxidative agents.
Mut. Res. 1, 21–27.
Generoso, W.M., Sega, G.A., Lockhart, A.M., Hughes, L.A., Cain,
K.T., Cacheiro, N.L.A., Shelby, M.D., 1996. Dominant lethal
mutations, heritable translocations, and unscheduled DNA syn-
thesis induced in male mouse germ cells by glycidamide, a
metabolite of acrylamide. Mutat. Res. 371, 175–183.
Hogervorst, J., Schouten, L.J., Konings, E.J., Goldbohm, R.A., van
den Brandt, P.A., 2007. Assessment of the relation between
biomarkers for smoking and biomarkers for acrylamide exposure
in humans. Cancer Epidemiol. Biomarkers Prev. 16 (11), 2471.
Ibrahim, K., Seyithan, T., Mustafa, E., Ihsan, K., Akcahan, G.,
Orhan, S., Korkmaz, S., 2007. The effect of L-carnitine in the
prevention of ionizing radiation induced cataracts, a rat model.
Graefes. Archive Clinic. Exp.Ophthalm. 245 (4), 588–594.Ito, C., Suzuki-Toyota, F., Maekawa, M., Toyama, Y., Yao, R.,
Noda, T., Toshimori, K., 2004. Failure to assemble the peri-nuclear
structures in GOPC deﬁcient spermatids as found in round-headed
spermatozoa. Arch. Histol. Cytol. 67, 349–360.
Jouannet, P., Ducot, B., Feneux, D., Spira, A., 1988. Male factors and
the likelihood of pregnancy in infertile couples. I. Study of sperm
characteristics. Int. J. Androl. 11, 379–394.
Kastenbaum, M.A., Bowman, K.O., 1970. Tables for determining the
statistical signiﬁcance ofmutation frequencies.Mut.Res. 9, 527–549.
Kligerman, A.D., Atwater, A.L., Bryant, M.E., et al., 1991. Cytoge-
netic studies of ethyl acrylate using C57 BL/6 mice. Mutagenesis 3,
263–268.
Knaap, A., Kramer, P., Voogd, C., 1988. Mutagenic activity of
acrylamide in eukariotic system but not in bacteria. Mutagenesis 3,
263–266.
Koyama, N., Sakamoto, N., Sakuraba, M., Koizumi, T., et al., 2006.
Genotoxicity of acrylamide and glycidamide in human lympho-
blastoid TK6 cells. Mutat. Res. 603 (2), 1–158.
Krebayashi, H., Ohno, Y., 2006. Metabolism of acrylamide to
glycidamide and their cytotoxicity in isolated rat hepatocytes:
protective effects of GSH precursors. Arch. Toxicol. 80, 820–828.
Liping, J., Jun, C., Yu, A., Chengyan, G., et al., 2007. Genotoxicity of
acrylamide in human hepatoma G2 (HepG2) cells. Toxicol. In
Vitro 21 (8), 1486–1492.
Llansola, M., Felipo, V., 2002. Carnitine prevents NMDA receptor
mediated activation of MAP-kinase and phosphorilation of
microtubule-associated protein 2 in cerebella neurons in culture.
Brain Res. 947, 50–56.
Luo, X., Reichetzer, B., Trines, J., Benson, L.N., Lehotay, D.C., 1999.
L-carnitine attenuates doxorubicin-induced lipid peroxidation in
rats. Free Radic. Biol. Med. 26, 1158–1165.
Molnar, A., Sarlos, P., Fancsi, G., Ratky, J., Nagy, S., Kovacs, A.,
2001. A sperm tail defect associated with infertility in a goat––case
report. Acta Vet. Hung. 49, 341–348.
Mucci, L.A., Dickman, P.W., Steineck, G., Adami, O., Augustsson,
K., 2003a. Dietary acrylamide and cancer of the large bowel,
kidney, and bladder. Absence of an association in a population
based study in Sweden. Br. J. Cancer 88, 84–89.
Mucci, L.A., Dickman, P.W., Steineck, G., Adami, O., Augustsson,
K., 2003b. Letter to the editor: reply: dietary acrylamide and cancer
risk: additional data on coffee. Br. J. Cancer 89, 774–776.
Oliveira,N. G.; Pingarilho, M.: Martins, C.; Fernandes, A.S.; Soﬁe
Vazb, S.; Martins, V.; Rueff, J. and Gaspar, J.F.(2009). Cytotox-
icity and chromosomal aberrations induced by acrylamide in V79
cells: Role of glutathione modulators. Mut. Res., in press.
Park, J., Kamendulis, L.M., Friedman, M.A., Klaunig, J.E., 2002.
Arcylamide-induced cellular transformation. Toxicol. Sci. 65, 177–
183.
Paulsson, B., Kotova, N., Grawe, J., Henderson, A., Granath, F.,
Golding, B., Tornqvist, M., 2003. Induction of micronuclei in
mouse and rat by glycidamide, genotoxic metabolite of acrylamide.
Mutat. Res. 535, 13–24.
Ramadan, L.A., Abd-Allah, A.R., Aly, H.A., Saad-El-Din, A.A.,
2002. toxicity effects of magnetic ﬁeld exposure and prophylactic
role of coenzyme Q1O and L-carnitine in mice. Pharmacol. Res. 46
(4), 363–370.
Rebouche, C.J., Seim, H., 1998. Carnitine metabolism and its
regulation in microorganisms and mammals. Annu. Rev. Nutr.
18, 39–61.
Reznick, A.Z., Kagan, V.E., Ramsey, R., Tsuchiya, M., Khwaja, S.,
Serbinova, E.A., Packer, L., 1992. Antiradical effects in L-propi-
onyl carnitine protection of the heart against ischemia-reperfusion
injury: The possible role of iron chelation. Arch. Biochem. Biophys.
296, 394–401.
Santoro, A., Lioi, M.B., Monfregola, J., Salzano, S., Rocchina
Barbieri, R., Ursini, M.V., 2005. L-carnitine protects mammalian
cells from chromosome aberrations but not from inhibition of cell
proliferation induced by hydrogen peroxide. Mut. Res. 587, 16–25.
36 H.A.S. AlzahraniSchmid, W., 1973. Chemical mutagen testing on in vivo somatic
mammalian cells. Agents and Actions 3 (2), 77–85.
Schulz, M.R., Hertz-Picciotto, I., van Wijngaarden, E., Hernandez,
J.C., Ball, L.M., 2001. Dose–response relation between acrylamide
and pancreatic cancer. Occup. Environ. Med. 58, 609.
Segerback, D., Calleman, C.J., Schroeder, J.L., Costa, L.G., Faust-
man, E.M., 1995. Formation of N-7-(2-carbamoyl-2- hydroxy-
ethyl)guanine in DNA of the mouse and the rat following
intraperitoneal administration of [14C]acrylamide. Carcinogenesis
16, 1161–1165.
Shan, X.Q., Aw, T.Y., Jones, D.P., 1990. Glutathione-dependent
protection against oxidative injury. Pharmacol. Ther. 47 (1), 61–71.
Shelby, M.D., Cain, K.T., Hughes, L.A., Braden, P.W., Generoso,
W.M., 1986. Dominant lethal effects of acrylamide in male mice.
Mutat. Res. 173, 35–40.
Shiraishi, Y., 1978. Chromosome aberrations induced by monomeric
acrylamide in bone marrow and germ cells of mice. Mut. Res. 57,
313–324.
Singh, R.B., Niaz, M.A., Agarwal, P., Beegun, R., Rastogi, S.S.,
Sachan, D.S., 1996. A randomised, double-blind, placebo-con-
trolled trial of L-carnitine in suspected acute myocardial infarction.
Post-grad. Med. J. 72, 45–50.
Solomon, J.J., Fedyk, J., Mukai, F., Segal, A., 1985. alkylation of 2-
desoxynucleosides and DNA following in vitro reactions with
acrylamide. Cancer Res. 45, 3465–3470.
Stadler, R.H., Blak, I., Varga, N., Robert, F., Hau, J., Guy, P.A.,
Robert, M.C., Riediker, S., 2002. Food chemistry: acrylamide from
Maillard reaction products. Nature 419, 449–450.
Sumner, S.C.J., Fennell, T.R., Moore, T.A., Chanas, B., Gonzalez, F.,
Ghanayem, B.I., 1999. Role of cytochrome P4502E1 in the
metabolism of acrylamide and acrylonitrile in mice. Chem. Res.
Toxicol. 12, 1110–1116.
Svensson, K., Abramsson, L., Becker, W., Glynn, A., Hellenas, K.E.,
Lind, Y., Rosen, J., 2003. Dietary intake of acrylamide in Sweden.
Food Chem. Toxicol. 41, 1581–1586.
Tong, G.C., Cornwell, W.K., Means, G.E., 2004. Reactions of
arcylamide with glutathione and serum albumin. Toxicol. Lett.
147, 127–131.Trichopoulou, A., Lagiou, P., 1997. Healthy traditional Mediterra-
nean diet: an expression of culture, history, and lifestyle. Nutr. Rev.
55, 383–389.
Vanella, A., Russo, A., Acquaviva, R., Campisi, A., Di Giacomo, C.,
Sorrenti, V., Barcellona, M.L., 2000. L-propionyl-carnitine as
superoxide scavenger, antioxidant, and cleavage protector. Cell
Biol. Toxicol. 16, 99–104.
Vescovo, G., Ravara, B., Sandri, M., Angelini, A., Della Barbera, M.,
Dona, M., Peluso, G., Calvani, M., Mosconi, L., Dalla Libera, L.,
2002. L-carnitine: A potential treatment for blocking apoptosis and
preventing skeletal muscle myopathy in hearth failure. Am. J.
Physiol. Cell Physiol. 283, 802–810.
Wang, Y., Ye, J., Ganapathy, V., Longo, N., 1999. Mutations in the
organic/carnitine transporter OCTN2 in primary carnitine deﬁ-
ciency. Proc. Natl. Acad. Sci. USA 96, 2356–2360.
Wang, H., Huang, P., Lie, T., Li, J., Reinhold, J., Hutz, R.J., Li, K.,
Shi, F., 2010. Reproductive toxicity of acrylamide-treated male
rats. Reprod. Toxicol. 29 (2), 225–230.
Wyrobek, A.J., Bruce, W.R., 1978. The induction of sperm-shape
abnormalities in mice and humans. In: Hollaender, A., de Serres,
F.J. (Eds.), . In: Principles and Methods for their Detection, vol. 5.
Plenum Press, New York, pp. 257–285.
Wyrobek, A.J., Gordon, L.A., Burkhart, J.G., Francis, M.W., Kapp,
R.W., Letz, G., Malling, H.V., Tapham, J.C., Whorton, M.D.,
1983. An evaluation of the mouse sperm morphology test and other
sperm tests in nonhuman mammals: a report of the gene. Tox.
Program. Mutat. Res. 115, 1–72.
Yosida, T.H., Amano, K., 1965. Autosomal polymorphism in labo-
ratory bred and wild Norway rats, Rattus norvegicus. Misima
Chromosoma 16, 658–667.
Zamorano-Ponce, E., Morales, C., Ramos, D., Sepulveda, C., Cares,
S., Rivera, P., Fernandez, J., Carballo, M.A., 2006. Anti-genotoxic
effect of Aloysia triphylla infusion against acrylamide-induced
DNA damage as shown by the comet assay technique. Mut. Res.
603, 145–150.
Zhang, X., Cao, J., Jiang, L., Geng, C., Zhong, L., 2009. Protective
effect of hydroxytyrosol against acrylamide-induced cytotoxicity
and DNA damage in HepG2 cells. Mut. Res. 664, 64–68.
